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The ﬁrst step of the base-promoted decomposition of N-chloro,N-methylethanolamine in aqueous
solution (CH3N(Cl)CH2CH2OH + HO- → imine + Cl- + H2O (+ CH2O) → amine + aldehyde) is
investigated at the MP2/6-31++G(d,p) computing level. Solvation is included by using both a
microsolvated model, in which two explicit water molecules simulate the speciﬁc solvent effects, and a
hybrid cluster-continuum model, by applying a polarized continuum on the previous results, to account
for the bulk effect of the solvent. Four alternative pathways (bimolecular fragmentation, Hofmann,
Zaitsev and intramolecular eliminations) are possible for the rate-limiting step of this base-promoted
decomposition. These reactive processes are bimolecular asynchronous concerted reactions. The
common feature of the four pathways is the proton transfer to HO- being more advanced than all other
molecular events, whereas imine formation is delayed. Non-reactive cyclic arrangements involving one
of the explicit water molecules are found at transition structures of Hofmann and Zaitsev eliminations,
such water molecule acting both as H+ donor and acceptor. Although MP2 calculations misjudge the
absolute activation Gibbs free energy values, this computational level adequately predicts the
enhancement in the decomposition rate due to the presence of the -OH group.
Introduction
Experimental and computational research devoted to the deter-
mination of reaction mechanisms is an issue of major concern in
chemistry.1 Theoretical characterization of geometry and energy
of stationary points on potential energy surfaces (PESs) has
signiﬁcantly improved our understanding of intrinsic reactivity,
helping to unravel themolecularmechanismof chemical reactions.
However, molecular modelling of chemical processes in solution is
a very demanding task; in this sense one of the currently accepted
solvation models is to combine explicit water molecules, to mimic
speciﬁc solute–solvent interactions at the ﬁrst solvation shell, and
a dielectric continuum to model bulk solvent properties.
Chemical reactivity involving N-halo compounds has been
widely studied at a macroscopic level over the past 40 years
due to their relevance to both environmental and biological
chemistry.2 In this sense, chlorination is still the most used
method ofwater treatment,3 despite its presumed relationshipwith
cancer.4 This fact together with the inability of aqueous chlorine
to inactivate certain microorganisms have promoted the search
of safer alternative water treatment methods, jointly known as
advanced oxidation processes.5 On the other hand, chlorination is
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essential in leukocyte protection against infection in mammals,6–8
and it has also been related to cell lysis7 and other disorders related
to inﬂammation.9 When leukocytes are activated, the enzyme
myeloperoxidase reacts with chloride ion and hydrogen peroxide
to generate either HOCl or an oxidizing enzyme complex, which
chlorinate a wide variety of nitrogenated compounds.10–12
Formation and decomposition of numerous halogenated nitro-
gen species has been examined experimentally.2 Chlorination of
amines and amino acids by HOCl shows a complex dependence
on acidity, its maximum rate appearing near neutral pH. After
its formation, N-chloro compounds decompose; the higher the
basicity of the medium, the faster their decomposition rate. Base-
promoted decomposition of N-chloro derivatives of aliphatic
secondary amines in aqueous solution is not particularly fast;
for example, the corresponding second-order rate constant for the
HO--promoted decomposition of CH3N(Cl)CH2CH3 is ca. 2 ¥
10-4 mol dm-3 s-1 at 298 K. The currently accepted mechanism for
the base-promoted decomposition of N-chloro amines involves
two consecutive steps. The ﬁrst one is the rate-determining step
of the reaction and corresponds with an elimination reaction,
Hofmann or Zaitsev (see Scheme 1). The second step is the fast
hydrolysis of the so-formed imine. Noticeable rate enhancement is
observed when parent N-chloroethanolamines are considered;13,14
for example the observed second order rate constant for the HO--
promoted decomposition of CH3N(Cl)CH2CH2OH is 360-fold
higher than that of N-chloro,N-methylethylamine.14 Such a rate
increase could be ascribed to the inductive effect due to the -OH
group, which should make more acidic the hydrogen being trans-
ferred, but product analysis did not support such a hypothesis.
Unexpected production of formaldehyde was observed in the case
of N-chloro,N-methylethanolamine, which was contrary to such
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Scheme 1 General mechanism for the base-promoted decomposition of aliphatic secondary N-chloroethanolamines in aqueous solution.
an inductive effect; furthermore, non-stoichiometric amountswere
found.
These facts are in agreement with two additional competitive
pathways for the rate-determining base-promoted decomposition
of secondary N-chloroethanolamines: bimolecular fragmentation
and intramolecular elimination, which are responsible for the
reaction rate enhancement (Scheme 1). Experimental data point
to all four pathways being asynchronous concerted processes.14
Aminoalcohols are widely used as feedstock in the production
of chemical intermediates, pharmaceuticals, polishes, detergents
and emulsiﬁers. They have also relevant applications as corrosion
inhibitors or for scrubbing certain acidic gases.15 In particular,
N-methylethanolamine is involved in the biosynthesis of choline,
a precursor of acetylcholine in mammals, a neurotransmitter
of the peripheral and the central nervous system.16 It has also
been proposed to play a role in the prebiotic synthesis of
vitamin B6-type systems.17 These compounds have beneﬁcial
therapeutic effect on cardiac diseases, such as cardiac ﬁbrosis,18
and might play a role in the regulation of synaptic vesicle ﬁlling.19
N-Methylethanolamine is the simplest choice of the family, and
thus was selected as model compound for the electronic structure
calculation of the mechanism of decomposition of secondary
N-haloethanolamines in alkaline medium. Hofmann elimination
has been recently analyzed computationally by B3LYP using the
6-31++G(d,p) basis set,20 and the description of the detailed
mechanism is consistent with the experimental data.14
In this work, we present electronic structure calculations to shed
light on the four parallel reaction pathways associated to the base-
promoted decomposition of secondary N-haloethanolamines:
Hofmann, Zaitsev and intramolecular eliminations, and bimolec-
ular fragmentation (see Scheme 1). The model that revealed to
be more appropriate20 is used here at a higher computational level
to examine the reaction betweenN-chloro,N-methylethanolamine
and hydroxide ion. To model solvent effects, we have included
two explicit water molecules simulating speciﬁc solute–solvent
interactions, and further utilized the continuum method to take
into account the effect of bulk solvent. The results are compared
with previously obtained experimental data.14
Computational methods
All calculations have been carried out with the Gaussian98
suite of programs.21 Minima and transition structures were fully
optimized at the MP2 =full/6-31++G(d,p) computational level;
the perturbation theory of Møller–Plesset truncated at the second
order was used to consider the correlation energy.22 The nature of
the molecular mechanisms has been elucidated by characterizing
stationary points on the PES: reactants (R), bound reactant-like
complexes (called hereafter reactant interaction complexes (RIC)),
transition structures (TS), and product interaction complexes
(PIC), which open the channel to reach the products (P). It
should be mentioned that, for the four considered decomposition
reactions, any attempt to localize a stepwise mechanism involving
HO--promoted H+ removal and N–Cl bond-breaking was unsuc-
cessful.
Harmonic frequencies were calculated in order to conﬁrm the
nature of the stationary points, one imaginary frequency for
TSs and zero for local minima. Zero-point energies and thermal
corrections to enthalpies and free energies at 298.15 K have been
taken into account. The unique imaginary frequency associated
with the transition vector (TV) of the different TSs has been
analyzed.23 The intrinsic reaction coordinate has been traced from
the TSs down to the two lower energy structures (RIC and PIC),
in order to verify that each saddle point links the two putative
minima.24–26
Among the different procedures to describe solute–solvent
interactions at the quantum level, the use of discrete water
molecules and continuum models have been selected. High-level
ab initio electronic structure calculations including even a modest
number of solvent molecules are prohibitive computationally.
On the other hand, continuum models are very popular due
to their combination of simplicity and efﬁciency, however they
are unlikely to be adequate for the description of the reaction
under study in water, as a cavity is built around the bare solute,
and therefore short-range solvent–solute interactions are not
explicitly considered. The model employed in this work consists
of N-chloro,N-methylethanolamine and HO-, which promotes
the reaction, with one discrete water molecule interacting with
the incoming HO- and another molecule acting as H+ donor
to the nitrogen atom of the amine. This cluster showed a good
behaviour when studying the Hofmann elimination;20 it can
describe adequately the solute–solvent interaction in the ﬁrst
solvation layer by stabilization of localized charges, but long-
distance solvent stabilization is ignored. Some authors endorsed
the suitability of a hybrid approach using a combination of explicit
solvent molecules and continuum model for the calculation of
the solvation thermodynamic properties of ions, in particular
HO-.27–30 Thus, a hybrid cluster-continuum model was considered.
Single-point calculations were performed over the optimized
microsolvated structures, using the polarized continuum model
(PCM)31 to estimate the Gibbs free energy of solvation, allowing
a better description of the process in bulk water.32
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It is important to remark that this kind of computational model
must be used with caution. We do not claim that the inclusion
of two discrete water molecules plus a continuum represented
by a dielectric constant are enough for rigorously modelling the
aqueous solvent, but apparently the inclusion of the continuum
model and two water molecules produces a reasonable picture
of the processes under study both in terms of structure and
energy.
Evolution of relevant bonds along each reaction pathway was
calculated using the natural population analysis of Weinhold
et al.21,33–35 In order to analyse the synchronicity of the four
pathways, the Sy parameter proposed by Moyano et al has been
used.36,37
Results
Energy and reactivity
Fig. 1 shows the free energy proﬁles for the four decomposition
processes under study. Fig. 1(left) collects microsolvated data, i.e.,
including two discrete watermolecules, and Fig. 1(right) shows the
results obtained with the hybrid microsolvated-continuum model.
Three stationary points have been characterized on the PES: the
RIC, the TS, and the corresponding PIC; for comparison purposes
the reactants were taken as reference. Although the four pathways
correspond to different chemical processes, and thus the reaction
centres and products are not the same (Scheme 2), the free energy
Fig. 1 Gibbs free energy proﬁles for the four pathways found for the HO--promoted decomposition of N-chloro,N-methylethanolamine at the
MP2=full/6-31++G(d,p) computational level. Reactants (R) were taken as reference. Data obtained with microsolvated (left) and microsolvated plus
continuum (right) models.
Scheme 2 The four parallel pathways involved in the rate-determining step of the HO--promoted decomposition of N-chloro,N-methylethanolamine.
Bonds being broken (in red) and formed (in black) are shown as dashed lines. End products through each pathway are shown in bold. Notice that the
products of Hofmann and intramolecular eliminations are the same, and thus these two pathways are indistinguishable by product analysis.
This journal is © The Royal Society of Chemistry 2009 Org. Biomol. Chem., 2009, 7, 1807–1814 | 1809
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proﬁles obtained are similar. Reaction pathways produced by
the microsolvated model present an inverted energy proﬁle in all
cases – Fig. 1(left) – while the deep effect of solvation is evident in
Fig. 1(right).
Despite the fact that RIC and/or PIC do not represent true
minima on the PES when the continuum model is used to
describe reactions in solution, we have retained them in the
computational study with the hybrid cluster-continuum model. A
physical meaning has been traditionally assigned to RIC and PIC
in solution. Many bimolecular steps in solution can be described
similarly to the mechanism of proton transfer ﬁrst proposed by
Eigen;38 such bimolecular processes involve the passage through
three well deﬁned stages: 1) diffusion together of reactants to
give an encounter complex (here named RIC); 2) electron and/or
molecular rearrangement, i.e., the chemical change associated to
the bond-breaking/bond-forming processes involved in TSs; and,
if appropriate, 3) dissociation of the product’s encounter complex
(here named PIC) into separate products.38 This conceptual
scheme can be also translated quantitatively into kinetics by using
Marcus’ theory:38
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where the work term wr represents the standard molar free-energy
involved in bringing reactants together in the right conﬁguration
for the chemical event to take place, i.e. DG◦(R→RIC). The
meaning of other terms is described elsewhere.38
Calculated thermodynamic parameters are reported in
Table 1. In both models, reactions can be described as three
sharply separable parts: (a) the formation of RIC from reactants
corresponds to an activationless process in the microsolvated
model, while the approach of the incoming HO- and N-chloro,N-
methylethanolamine to form the RIC requires a minimum of
20 kcal mol-1 in the hybrid microsolvated-continuum model. In
the microsolvated model, energy reduction comes from the stabi-
lization of ions (HO-) by hydrogen bondingwith the amine and/or
water molecules, whereas in the hybrid discrete-continuum model,
bulk solvation stabilizes more the charge present in reactants
than the more diffused charge in RIC; (b) bond-breaking/bond-
forming processes corresponding to the formation of the TSs of
the four parallel pathways under study. The N–Cl bond is always
broken, a C–N single bond is transformed into a C=N double
bond (imine), and the corresponding H atom is transferred from
N-chloro,N-methylethanolamine to the incoming HO-. Further
reorganization is also carried out according to each molecular
process (Scheme 2); (c) formation of energetically more stable PIC
and products (P). The position of P with respect to PIC also
depends on the presence of the continuum model.
In the microsolvated model – Fig. 1(left) – the Gibbs free
energy of activation corresponds to the intrinsic free energy barrier
going from RIC to TS, labelled DG◦ int. According to this model,
the intramolecular elimination pathway exhibits the lowest free
energy of activation (Table 1). The obtained order of reactivity
is: intramolecular elimination > bimolecular fragmentation >
Zaitsev elimination > Hofmann elimination.
Although the structural parameters were notmodiﬁed, addition
of PCM bulk solvent, i.e., hybrid cluster-continuum model, led
to an effective change in all free energy reaction proﬁles, as
reported in Table 1 and shown in Fig. 1(right). The formation
of structures with RIC geometries is an activated process, while
the corresponding TSs are now located above the reference R.
In the initial step, partial desolvation of the reagents, mainly
HO-, gives rise to a free energy barrier in contrast to the
microsolvated model. This result is consistent with those obtained
for other reactions involving HO- attack calculated by different
computational methods, such as PCM-B3LYP,39 Monte Carlo40
or QM/MM molecular dynamics.41 In all cases, DG◦ int increases
when PCM solvation is incorporated (Table 1). The lowest free
energy intrinsic barrier of the four processes is again obtained for
the intramolecular elimination. Similar activation Gibbs energy
values were calculated for the Hofmann and Zaitsev eliminations,
while bimolecular fragmentation presents the largest value of the
barrier height.
A detailed analysis of solvation in going from RIC to TS, in
the hybrid cluster-continuum model, shows that the main and
energetically favourable contribution comes from the electrostatic
term (Table 2), while the average contribution of the non-
electrostatic term is positive and amounts to about 0.5 kcal mol-1.
The RIC of bimolecular fragmentation shows the most negative
solvation energy, whereas similar values are found for the rest of
RICs. The same pattern applies for TSs, but stabilization due to
solvation is lower, and consequently destabilization is obtained
in going from RIC to TS, this effect being stronger in the case
of bimolecular fragmentation. Although there is no unique way
to separate electrostatic and non-electrostatic contributions to
the free energy of solvation,42 results will not differ using other
partition schemes.
Table 1 Thermodynamic parameters, DH, TDS and DG (in kcal mol-1) for the four parallel pathways of HO--promoted decomposition of N-chloro,N-
methylethanolamine obtained at the MP2=full/6-31++G(d,p) level (T = 298.15 K). Reactants (R) were taken as reference (total energy of R in kcal
mol-1: H = -587266.68, TS = 63.88, G = -587330.57, Gsolvation = -117.16). DGint values refer to intrinsic activation barrier (DGint = DGTS–DGRIC). Values of
Gibbs free energy obtained with PCM continuum model are in italics. wr parameter from Marcus’ equation corresponds to DG(R→RIC) (ref. 38). Values
between parentheses calculated at the DFT/B3LYP/6-31++G(d,p) level (ref. 14 and 20). DG‡exp refers to the experimental activation barriers (ref. 14)
a
RIC TS PIC P
DH◦ TDS◦ DG◦ wr DH◦ TDS◦ DG◦ DGint DG‡exp DH
◦ TDS◦ DG◦ DH◦ TDS◦ DG◦
Hofmann elim. -59 -26 -33, 34 -45 -28 -17, 51 16, 17 (7.5, 0.78) 24 -120 -23 -96, -26 -67 9.6 -77, -49
Zaitsev elim. -56 -26 -29, 37 -43 -26 -17, 54 12, 17 23 -124 -24 -100, -25 -63 11 -74, -50
Bimol. fragm. -68 -25 -43, 11 -53 -22 -31, 30 12, 19(6.5, 3.6) 19 -105 -18 -87, -13 -50 22 -72, -40
Intramol. elim. -69 -25 -44, 23 -60 -24 -35, 35 8.8, 12 20 -113 -20 -93, -27 -67 9.6 -77, -49
a Values rounded to show two signiﬁcant ﬁgures.
1810 | Org. Biomol. Chem., 2009, 7, 1807–1814 This journal is © The Royal Society of Chemistry 2009
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Table 2 Contribution of the electrostatic and non-electrostatic terms to the solvation energy in the four parallel base-promoted decomposition pathways.
All values in kcal mol-1 a
Hofmann elimination Zaitsev elimination Bimolecular fragmentation Intramolecular elimination
RIC
Electrostatic term -60 -60 -74 -59
Non-electrostatic term 7.2 7.8 7.9 7.5
TS
Electrostatic term -58 -55 -66 -55
Non-electrostatic term 6.7 7.5 7.3 7.2
RIC → TS 1.8 5.1 8.2 3.9
DGelectrostatic -0.52 -0.37 -0.66 -0.34
DGnon-electrostatic 1.3 4.8 7.5 3.5
DGsolvation -60 -60 -74 -59
a Values rounded to show two signiﬁcant ﬁgures.
Scheme 3 Thermochemical cycle used to estimate the activation Gibbs free energy in aqueous solution.
Values for absolute activation Gibbs free energies, DG◦(R→
TS), with the cluster-continuum hybrid model (Table 1) have been
calculated by using the thermochemical cycle shown in Scheme 3.
The corresponding values have been corrected in order to use
consistent standard states.43
Geometry
Geometries of TSs, connecting RIC and PIC, for each model sys-
tem are shown in Fig. 2, and representative structural parameters
of calculated stationary points are collected in the ESI†.
TSs for Hofmann, Zaitsev, and intramolecular elimination
processes exhibit cyclic arrangements (Fig. 2), but only in the
latter are any bonds of the ring broken/formed (see Scheme 2).
These cyclic assemblies contribute to stabilize the TSs, distributing
more uniformly atomic charges; in fact their dipole moments are
lower than that of bimolecular fragmentation (see ESI). In the
intramolecular elimination a six-membered ring is formed by the
bent backbone ofN-methylethanolamine; both edges are linked by
the hydrogen atom that is being transferred from methyl carbon
atom (C1) to the alcoholic oxygen (Fig. 2). Non reaction-active
7-membered rings are obtained in the TSs of the intermolecular
eliminations, Hofmann and Zaitsev; such cyclic arrangements
involve the ethanolamine fragment of the N-chloro compound
and one of the discrete water molecules used to model speciﬁc
solute–solvent interactions (Fig. 2).
Those 7-membered cyclic assemblies present two hydrogen
bonds: the water molecule acts both as H+ donor/acceptor to/
from the nitrogen/oxygen atom of N-chloro,N-methylethanol-
amine, respectively. A linear arrangement is obtained in the TS
of the bimolecular fragmentation (Fig. 2).
Fig. 2 Optimized transition structures for the four decomposition path-
ways obtained at the MP2=full/6-31++G(d,p) level. Breaking/forming
bonds are displayed as dotted lines, while hydrogen bonds are represented
by dashed lines. Vibrational mode components in mass-weighted coor-
dinates are also included. Atom numbering used through the paper is
indicated: HT is the proton transferred from a carbon atom, either C1 or
C2, in the elimination reactions; HO labels the proton initially bound to the
alcohol group; two explicit hydrogen bonded water molecules are taken
into account, one acting as H+ donor to the O atom of incoming HO- and
the other to the N atom; these are labelled as WO and WN, respectively.
Transition vectors (TV) and bonds evolution
The transition vectors for the different TSs are represented
in Fig. 2. The components of TV for the different pathways
are clearly associated with the bond-forming/bond-breaking
This journal is © The Royal Society of Chemistry 2009 Org. Biomol. Chem., 2009, 7, 1807–1814 | 1811
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processes. Thus, in the four pathways TVs are coupled with a
proton transfer (HT or HO) to the oxygen atom (OOH) of the
incoming HO-, formation of a C=N double bond (imine) and
Cl- acting as nucleofuge. In all cases the discrete water molecules
also participate in the TV.
Evolution of relevant bonds along the reaction coordinate (see
ESI) conﬁrms the behaviour revealed by TVs analysis. Four dif-
ferent bonds are concertedly formed/broken in the intermolecular
Hofmann and Zaitsev eliminations, while six bonds are converted
in the other two processes (Scheme 2). Again, the shared features
of the four pathways are imine formation, N–Cl cleavage and
proton transfer to the incoming HO-, the latter being ahead of
the other molecular processes. This indicates that HO- approach
and subsequent proton abstraction triggers the decomposition
mechanism.
Atomic charges
Electron ﬂow takes place along the reaction from the incoming
HO- to the leaving Cl- (relevant Mulliken atomic charge values
are collected in the ESI). The net atomic charge of the H atoms
being transferred at the TSs increases from R to TS due to the
enhancement of the polarity of the bonds being formed/broken.
This value ranges from 0.30 to 0.56 a.u.. In addition, at the TSs
the net negative charge displaced from the hydroxide moiety varies
in the range 44–71% of the total charge transferred along the
whole process, and the chlorine fragment holds a net negative
charge between 0.23–0.48 a.u. depending on the pathway under
consideration.
Discussion
It has been observed experimentally that the decomposition
reaction of N-chloro,N-methylethanolamine in basic medium
fulﬁls a second-order rate law, being ﬁrst-order relative to both
chloramine and base,14 i.e., in the present case:
r = kobs ¥ [N-chloro,N-methylethanolamine] ¥ [HO-]
As stated above, the net reaction is more complex, the ﬁnal
products being Cl-, an aldehyde, and an amine with at least
one carbon less. Kinetic experiments are consistent with the Cl-
leaving as a nucleofuge, the imine formation and the proton
cleavage taking place in the rate-limiting step,2,13,14 which could
be classiﬁed as an asynchronous concerted process.14 Subsequent
hydrolysis of the imine is much faster than its formation, i.e., such
hydrolysis has no inﬂuence on the observed rate of N-chloro,N-
methylethanolamine decomposition.2
Previous density functional theory (DFT) calculations on the
Hofmann rearrangement20 allowed us to establish a suitablemodel
to simulate the reaction in water, and therefore, it was employed
again, this time at the ab initio MP2 =full/6-31++G(d,p) com-
putational level. Transition vectors (Fig. 2) obtained for the four
pathways taking place in the HO--promoted decomposition of
N-chloro,N-methylethanolamine, agree with each process being
a bimolecular concerted step, which ﬁts to overall second-order
kinetics as well.
Description of those molecular processes is consistent with the
proposed detailed reaction pathways coming from experimental
studies.2,14 Six bonds are involved along the breaking/forming
processes of the intramolecular elimination and bimolecular
fragmentation, while only four bonds are directly involved in the
Hofmann and Zaitsev eliminations (Scheme 2 and ESI).14
At the TSs all H atoms being transferred to OH- increase their
positive charge between 0.14 and 0.37 a.u.; therefore, the reaction
has a proton transfer character. The other H atom “in ﬂight” in
the intramolecular elimination (HT) is also 0.16 a.u. more positive
at TS; the process can also be considered as a proton transfer.
All proton transfer processes take place along geometrical linear
arrangements (bond angles>170◦), except that of the 6-membered
ring in the intramolecular elimination (155◦). At the TSs the bond
between H+ and HO- is more than 55% formed (ESI), except in
the Zaitsev elimination, where this value is lower (34%). Bond
evolution values indicate that proton transfer to HO- triggers the
rest of the molecular events (Scheme 2).
In the four pathways the corresponding imine is formed,
and Cl- acts as nucleofuge; additionally, formaldehyde works as
electrofuge in the bimolecular fragmentation. Depending on the
elementary step the N–Cl bond is broken between 7.1% and 37.5%
at the TS. The increase of the Cl atom negative charge along the
reaction coordinate is coupled with the decrease of the charge
on the oxygen of the HO- moiety; therefore, there is a synergetic
charge ﬂow generating an anion at the Cl-end (charges and bond
evolution data are collected in the ESI).
The net charge on N atom does not vary, relative to reactants,
in either the Hofmann or Zaitsev eliminations, whereas it is less
negative in the other two pathways; this is consistent with the
degree ofN–Cl bond-breaking at the different TSs. The interaction
of the discrete water molecule in the neighbourhood of the amino
group is reﬂected in the more negative charge on the N atom both
at RIC and PIC. Consequently, there is a polarization effect on
this water molecule, which stays fairly constant for each pathway
when moving from RIC to PIC. Similar behaviour is obtained
for the discrete water molecule near HO-; in this case the negative
charge of the oxygen decreases on going fromRIC to TS due to the
partial conversion of hydroxide ion into a water molecule. Finally,
charge on the C atom involved in the formation of C–N double
bond, C1 or C2, acquires its most negative value at the TS.
The synchronicity values, Sy, as calculated from the bonds being
formed or broken along the four reaction pathways, are collected
in the ESI. Sy = 1 implies fully synchronous bond reorganization,
while Sy = 0 characterizes a stepwisemechanism; thus the Sy values
support our previous analysis, i.e., all pathways are concerted
but not fully synchronous, the order of synchronicity being:
Zaitsev elimination < Hofmann elimination < intramolecular
elimination<bimolecular fragmentation. The value obtained here
for the bimolecular fragmentation is similar to that found with the
DFT(B3LYP)/6-31++G(d,p) model.14
Synchronicity can also be calculated from empirical kinetics as
(1 - |bH - |blg||),14 where Brønsted’s bH gives an estimation of the
O–HO bond-breaking at the TS, and the Brønsted-like parameter
blg measures the degree of N–Cl bond-breaking at the TS.38
Brønsted’s bH values for the intramolecular elimination and bi-
molecular fragmentation pathways are 0.45 and 0.60 respectively.14
These values are consistentwithwhatwas obtained here, the evolu-
tion of O–HO bond-breaking at the TSs being calculated as 83.3%
(bH = 0.833) for the elimination, and 82.8% (bH = 0.828) for the
fragmentation. Experimental values have large uncertainties due
to the curvature of theBrønsted plot, an observation already found
1812 | Org. Biomol. Chem., 2009, 7, 1807–1814 This journal is © The Royal Society of Chemistry 2009
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for analogous base-promoted processes.44 On the other hand,
values of blg, estimated from experimental reaction rates obtained
for the process under study for the chlorinated and brominated
species, are -0.2 and -0.35 for bimolecular fragmentation and
intramolecular elimination, respectively, their uncertainty being
unknown, as only two values were used to calculate blg.14 Thus,
empirical values for synchronicity are 0.60 for the fragmentation
and 0.90 for the elimination. Keeping in mind the approximations
underlying those values, the agreement with the theoretical ones
is acceptable (see ESI). These results imply that the four pathways
correspond with asynchronous concerted bimolecular processes.
Free energy activation barriers, and therefore kinetic constants,
differ signiﬁcantly from experimental data (Table 1). According to
the microsolvated model, the intramolecular elimination is the
preferred pathway, its activation free energy being the lowest
of the four competitive processes, as experimentally predicted
by the extremely slow rate measured for N-chloro,N-(tert-
butyl)ethanolamine decomposition reaction.13 On the other hand,
the experimental study with N-chloro,N-methylethanolamine and
HO- pointed to the bimolecular fragmentation as the main
decomposition pathway (67%), while the intramolecular pathway
accounted for the remaining 33% of the reaction.14 This partition
into pathways was based on product analysis.
Addition of PCM to the microsolvated model increases acti-
vation barriers for all pathways in the present study, whereas
the opposite was found for Hofmann elimination and bimolec-
ular fragmentation at the less-demanding DFT-based B3LYP/6-
31++G(d,p) level (see Table 1).14,20 Values for DH◦, TDS◦ and
DG◦ are more negative when MP2 instead of DFT is used; on the
other hand, energy barriers increase with the former when single-
point PCM calculations are included. This indicates that both
computational methods, using the same basis set, differ on the
free energy assignment of continuum-solvatedmodels ofRICs and
TSs, thus yielding opposite solvation effects on the DG◦ int values.
Activation free energy increases, since charge polarization – and
therefore solvent stabilization – on theRIC is higher than in the TS
(see Mulliken charges and dipolar moment in the ESI); thus, polar
solvents like water stabilize the former more efﬁciently than the
latter. When PCM solvation is considered, the reactivity pattern
is different from that in the case of the microsolvated model; then
the intramolecular elimination is still the fastest pathway, while
the bimolecular fragmentation becomes the slowest one.
One could wonder which barrier really corresponds to the
activation free energy, DG◦(RIC→TS) (i.e., DG◦ int) or DG◦(R→
TS). In the absence of bulk solvation, there is no doubt that DG◦ int
is the energy barrier; whereas DG◦(R→TS) could be adequate
for processes in solution when non-inverted free energy reaction
proﬁles are found – see Fig. 1(right). This is caused by the
partial desolvation of approaching reactants that is not sufﬁciently
compensated by the additional interaction energies; in that case,
RIC and PIC are not stationary structures. As stated before,
geometries of PCM-solvated structures were not optimized, we
just carried out single-point calculations including the continuum
model. Attempts to obtain unconstrained optimized structures of
some of the stationary points including PCM were unsuccessful,
even with Gaussian03.
All activation free energy values mentioned above have been
obtained as DG◦ int. However, the picture changes when the
energy barrier is calculated between R and TS, as depicted in
Fig. 1(right). In this case the kinetically favoured process is the
bimolecular fragmentation, as experimentally found,14 followed by
the sequence: intramolecular, Hofmann and Zaitsev eliminations.
Both microsolvated and microsolvated plus PCM models
predict a high acceleration of the decomposition reaction, i.e.,
lower activation free energies, when the alcohol group is directly
involved in the reaction, which is consistent with the dramatic
(360-fold) rate acceleration experimentally observed when alco-
holamines instead of parent amines are studied.14 Fully optimized
electronic structure calculations at the relatively sophisticated
MP2/6-31++G(d,p) level and with a hybrid-continuum model to
describe solvation effects, often, like here, misjudge the absolute
thermodynamic values even for simple reactions; however, the
relative acceleration caused by the alcohol group is properly
predicted.
The title decomposition reaction has only been described up to
the point where the chloride anion departs and the imine forms,
while much less attention was paid to the subsequent hydrolysis
of imines even though the partition on different pathways is
based on product analysis from such imine hydrolysis.14 Imine
hydrolysis has been considered to take place as suggested by
Jencks and coworkers,45,46 and repeatedly veriﬁed afterwards. This
process involves an uncatalyzed pathway, and is also subject to
general base catalysis;47 thus, under the experimental conditions,
the process would be accelerated. This second process seems to
be faster, so that the previously described processes represent the
rate-limiting step in all cases. Although decomposition reaction
rates, and therefore observed kinetic rate constants, are not
affected by the subsequent faster imine hydrolysis, this second
step should be carefully taken into account since partition into
pathways is performed on the basis of product analysis.14 As
shown in Scheme 2, imines produced through different pathways
are not identical; the -OH group of the parent ethanolamine
remains in imines coming from the three elimination processes,
whereas it is absent in the imine formed in the bimolecular
fragmentation pathway. Furthermore, whenmultiple functionality
is present elsewhere in the molecule, imines may suffer from other
side reactions48 like tautomerization; thus, unexpected products
are feasible, which could lead one to misinterpret the relative
contribution of the four pathways involved in the rate-determining
step of the base-promoted decomposition of aliphatic secondary
N-chloroethanolamines. Work is in progress to explore this issue.
Conclusions
In this work, the rate-limiting step of the HO--induced decom-
position of N-chloro,N-methylethanolamine in water has been
investigated using the MP2/6-31++G(d,p) method. To give an
appropriate picture of this process, a microsolvated model (in
which two explicit water molecules simulate the speciﬁc solvent
effects) and a hybrid cluster-continuum model (by applying PCM
on the previous results, to account for the bulk effect of solvent)
have been explored. Our calculations showed that the reaction
takes place via four different competitive pathways (bimolecular
fragmentation, and Hofmann, Zaitsev and intramolecular elimi-
nations). The results indicated that all pathways can be considered
as bimolecular asynchronous concerted processes; proton transfer
to HO- is more advanced than all other molecular events,
whereas imine formation is delayed. TSs of Hofmann, Zaitsev,
This journal is © The Royal Society of Chemistry 2009 Org. Biomol. Chem., 2009, 7, 1807–1814 | 1813
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and intramolecular eliminations have cyclic structures, only the
latter being reactive. Hofmann and Zaitsev mechanisms involve
a water molecule that acts both as H+ donor/acceptor to/from
the nitrogen/oxygen atom of N-chloro,N-methylethanolamine,
respectively.
Computational studies agree with experimental ﬁndings in
the global description of the processes, even accounting for the
dramatic acceleration of the decomposition process due to the
addition of an alcoholic group on Cb to the amino group of
N-chloro,N-methylethylamine.
According to the microsolvated model, intramolecular elimina-
tion is the most favourable decomposition pathway. On the other
hand, our results indicate that the continuum increases all reaction
barriers, lowering the computed rate constants, and when consid-
ering the free energy of activation from reactants, DG (R→TS),
bimolecular fragmentation is the preferred decomposition path-
way, as found empirically in the reaction between HO- and
N-chloro,N-methylethanolamine.14 To the best of our knowledge,
this paper is the ﬁrst comprehensive computational study on the
molecular mechanism for the reaction between N-chloro aliphatic
secondary ethanolamines and bases.
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